In recent years, the need for low energy materials has become increasingly important. With government targets aiming to reduce carbon emissions by 80% by 2050, and the construction industry being responsible for 50% of the UK's carbon emissions, it is of vital importance that positive changes are made. One of these changes is to reduce the carbon footprint of the materials used in construction. Lime mortar has been used for centuries, but since the arrival of cement, its use in modern construction has diminished, in part due to having lower compressive strengths than cement mortar. Air lime mortar, in particular, can be categorised as low energy due to the reabsorption of a significant amount of CO 2 during the setting process: carbonation. The current study focuses on the impact of different types of aggregate (limestone and silicate) on air lime mortar strength. Previous research has found that higher strengths can be achieved with the use of limestone aggregate, but little is known about the reasons why. The research presented here looks at a microstructural analysis through use of SEM (scanning electron microscopy) in order to determine reasons behind the strength differences. At early stages of curing, there are clear differences at the interface of binder and aggregate.
Introduction


Background
Lime mortar has been used for centuries in masonry construction, and the past few decades have seen an increase in restoration of old buildings, where the compatibility of old and new materials is particularly important. Use of cement mortar is inappropriate for a number of reasons. The high compressive strengths reduce the amount of movement that can occur in the structure and consequently, a build-up of stresses would cause the masonry to fail [1] . Additionally, soluble salts can leech out of the cement, causing damaging salt crystallization.
Lime mortars are inherently weak, and research has been shown that higher strengths can be obtained with use of limestone aggregate over silicate aggregate [2] . Since low strengths are synonymous with poor durability, higher strengths could lead to longer lasting mortars. The obtained higher strengths are still much lower than cement mortar strengths so would not have a detrimental effect on existing masonry. Aggregates are primarily used to provide structure to a mortar [3] and their role in mortar strength has been largely underestimated. Despite various studies concluding that limestone aggregates can produce higher strength air lime mortars [2, 4, 5] , little is known about the reasons why.
In the current climate, there is a huge demand for the reduction of carbon emissions; Government targets aim to reduce emissions in the UK by 80% by 2050. The construction industry is responsible for around 50% of the UK's carbon emissions [6] , therefore, it has a responsibility to work towards a reduction. The use of low energy materials, such as the air lime mortar used in this study, can make a significant contribution. Air lime is a low energy binder due to the fact that during the curing process, almost all of the CO 2 that was emitted during the manufacturing process is reabsorbed during carbonation [7] .
The research originated due to lack of knowledge surrounding the effect of aggregate type on mortar properties, particularly compressive strength.
Consequently, three limestone aggregates were compared against a silicate sand-CEN (Comité Européen de Normalisation) standard sand to determine firstly the compressive strengths, and secondly whether there were any differences at a microstructural level for the different mixes. SEM (scanning electron microscopy) was used for this analysis.
The Role of Carbonation
Carbonation is the primary chemical reaction that occurs during the setting of air lime mortar, and it is influenced by several factors: water content of a sample, relative humidity of curing, temperature and the porosity of the material.
The carbonation process describes the evolution of Fick's first law of diffusion can be used to describe the process of CO 2 penetrating the pores in mortar: The carbonation of lime mortar samples can be measured and assessed in a variety of ways, including but not limited to: phenolphthalein staining; thermogravimetric analysis; scanning electron microscopy; X-ray diffraction; elemental analysis.
Impact of Aggregate Type
Compressive Strength
Aggregate is largely considered to be an inert filler material, but previous research has shown that the use of different aggregate types in air lime mortar can have an impact on the compressive strength of the mortar [2, 4, 5] . The use of limestone aggregate can yield strengths up to three times higher than mortar made with silicate aggregate [2] .
Carbonation
The use of different aggregate types in mortar has an impact on the carbonation of samples. Limestone aggregate in mortars leads to a greater depth of carbonation over the same curing period as silicate aggregate mortars. This is likely to be due to the higher porosity of limestone over silicate aggregate, which in turn leads to a higher overall porosity of the entire sample; CO 2 can penetrate the sample much more readily. Skoulikidis et al. [9] looked at the properties of hydrated lime in the use of consolidation of the surface of stones in monuments, and it found that when 6% calcite was added to the calcium hydroxide, the rate of carbonation increased. It was suggested that Ca(CO) 3 is a seed for crystallization, agreeing that a deeper carbonation can consequently occur.
Materials and Methods
Air lime mortar specimens (using calcium lime CL90 hydrated lime) of dimensions 40 mm × 40 mm × 160 mm were manufactured in accordance with BS EN 1015-11: 1999 [10] , in order for compressive strength testing to be undertaken. Samples were cured in air and tested for flexural and The other set used the limestone aggregates "as supplied" from the quarry but with no particles larger than 4 mm. An additional 2~4-mm fraction was added to all five aggregates in order to help reducing shrinkage in the mortar specimens. Table 1 shows the sieve sizes used for the "standard" grading, while Table 2 shows the "as supplied" grading of the limestone aggregates. The particle size distribution can be seen in Fig. 1 .
Due to the importance of workability of a mortar, it was decided that rather than having a constant water/binder (w/b) ratio, the flow would be kept constant . The diameter of the mortar spread is then measured. This was done in accordance with BS EN 1015-3: 1999 [11] . Tables 3 and 4 show the mix specifications used for each of the mixes in order to achieve a flow of 14 cm ± 0.5 cm.
The w/b ratio is known to impact strength of cement mortars and hydraulic lime mortars. Abrams' Law shows the relationship between the strength of fully compacted concrete and the w/b ratio (Eq. (4)):
(4) where, f c is the water/cement ratio, w/c is the water/cement ratio by volume, K 1 and K 2 are constants. Although compressive strength in cementitious mortars is known to follow Abram's Law, being inversely proportional to water/cement ratio [12, 13] have shown that for air lime mortars, with the exception of the lowest water/lime ratio, there is very little difference in the compressive strengths of the mortars with increasing water content.
Experimental Results
Compressive Strength
Results from the compressive strength testing confirmed the findings in the literature that limestone aggregates can produce higher strength mortars than silicate aggregates. Fig. 2 shows the average compressive strengths of the samples at 28 days curing at 55% RH (relative humidity), where it is clear to see that the standard sand mortar was the weakest in compression.
While there is a possibility that the higher strengths are in part due to the difference in angularity of the aggregates (the limestone aggregates are more angular), SEM analysis suggests that something more complex is occurring.
SEM (Scanning Electron Microscopy)
Samples were taken from the outer edge of each sample immediately after compressive strength testing, and placed in glass jars filled with nitrogen so as to prevent further carbonation occurring, thus effectively freezing the samples at 28 days curing. The used microscope was JEOL SEM6480LV. It was used under low vacuum conditions. 28 days curing at 1,600× magnification. The right-hand third of the image is a section of aggregate, which has some calcite crystals on the surface. To the left of the image, calcite crystals can be seen adhering to the aggregate. Similarly, Fig. 4 shows the standard sand aggregate mortar at the same magnification. The calcite crystals that are on the surface of the aggregate appear to be in larger clusters than in Fig. 3 . Moreover, the aggregate that can be seen in Fig. 4 has a smoother surface than the Ham Hill in Fig. 3 .
Fig. 3 shows a Ham Hill aggregate mortar after
Despite having the highest compressive strength, the sample containing Stoke Ground aggregate with the "standard" grading contained more micro-cracking than the other samples, which can be seen in Fig. 5 , which was taken at 800× magnification. The crack measures around 75 µm in length, and appears to be at the binder/aggregate interface.
It is clear from the image of the Portland aggregate mortar with "standard" grading ( Fig. 6 ) that some portlandite still exists in the sample. This can be seen in the center of the bottom of the image. Furthermore, calcite crystals appear small and are continuous over the sample.
In the Ham Hill "as supplied" sample in Fig. 7 , "As supplied" grading "Standard" grading
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some portlandite still exists, with crystals of around 7 μm.
Cracking was also found with the "as supplied" Stoke Ground samples, seen in Fig. 8 , although many of these are around 250 µm, much larger than in the "standard" Stoke Ground sample in Fig. 5 . The Portland aggregate mortar with "as supplied" grading in Fig. 9 has fewer visible portlandite crystals, with similar size calcite crystals.
Phenolphthalein Staining
Since the primary setting mechanism of air lime mortar is carbonation, the depth of carbonation was measured using phenolphthalein staining. In this way, it is easy to see how much of the Ca(OH) 2 has converted into CaCO 3 . Ca(OH) 2 is alkaline, therefore will turn pink once sprayed with phenolphthalein. CaCO 3 is neutral on the pH scale, meaning areas of the sample that have been carbonated will remain colourless once sprayed.
Figs. 10-13 show the carbonation depths for Ham Hill, Portland, Stoke Ground and Standard sand, respectively. Table 5 summarizes the average depths.
Discussions
Strength Results
The compressive strength results showed what was expected as a result of the literature search; Limestone aggregate in mortar can produce higher compressive strengths than use of silicate aggregate.
There are a number of possible reasons for this that relate to aggregate type. Firstly, there is a difference in the aggregates themselves. The silicate aggregate has rounded grains, whereas the limestone aggregates are angular. This can impact the bond between the binder and aggregate, since the binder would be expected to adhere better to the angular aggregate.
Secondly, the porosity of the aggregates could be impacting the mortar strength. Limestone is more porous than silica; Consequently, it is possible that some of the binder has entered the pores of the limestone aggregate and as a result formed a stronger interface. It is also possible that due to the higher porosity of the limestone, more CO 2 is able to penetrate the sample and lead to a more thorough carbonation at a given point.
Thirdly, the surface texture of the aggregate may impact the adhesion of the binder to the surface, thus resulting in stronger/weaker bond.
The "standard" graded mortars were found to be stronger than the "as supplied" mortars. This difference was greater for Stoke Ground limestone mortars, which also had the least difference in w/b between the "standard" and "as supplied" mixes.
SEM (Scanning Electron Microscopy) Analysis
The SEM analysis has given a deeper insight into possible reasons for the strength differences, which is something that has been missing from literature. SEM images indicate that there are differences at the binder/aggregate interface; The development of calcite crystals is a key finding. Since binder/aggregate ratio, and particle size distribution were the same for the "standard" mixes, it is likely that aggregate type is responsible. Despite the mixes having a different water/binder ratio in order to achieve the same flow, it is not thought to influence calcite crystal growth, particularly due to the fact that Stoke Ground aggregate mortar has a significantly different w/b than the other two limestones, yet it does not appear to have fewer crystals on the aggregate surface, as can be seen with the silicate aggregate. It is currently unclear as to why the Stoke Ground aggregate mortar suffers from the highest proportion of cracks, yet it has the highest compressive strength, but could be due to the lower w/b ratio that was required in order to achieve the desired flow. This is true for both the "standard" and "as supplied" mixes.
Both of the Portland mortar samples appear quite homogeneous, with the exception of one or two portlandite crystals.
Conclusions and Ongoing Research
Conclusions
Based on the compressive strength results and the SEM analysis, it is clear that aggregate type influences air lime mortar strength. Whilst there is currently no conclusive explanation, ongoing research is expected to clarify this.
Ongoing Research
Compressive strength testing and SEM analysis are also being undertaken at 14, 90, 180 and 360 days. Alongside the compressive strength testing and SEM analysis, further tests are being carried out. Thermogravimetric analysis seeks to establish differences in carbonation between the samples and at different curing periods. In this way, it will be possible to determine whether the mortars containing limestone aggregate have achieved a higher level of carbonation at a given time. Mercury intrusion porosimetry is being used to look at differences in porosity between not only the mortar samples but also the individual aggregates. To date, it has been found that key differences exist.
